Abstract-The life cycle of cyanobacteria Dolichospermum flos-aquae causing the blooming of waters of the boreal zone is studied. The mass propagation of the D. flos-aquae in the plankton stage occurs due to their ability to realize high biotic potential, defined by the combination of features developed during evolution, which the other partners of the plankton community lack. These include: adaptation to a certain growth temperature; low demand for nutrients; nitrogen fixation and intracellular accumulation of phosphates; and the ability of trichomes to migrate, allowing them to occupy the optimal parts of the euphotic zone for photosynthesis. It is established that the trichomes of D. flos-aquae consist of heterocysts and vegetative cells of different maturity, generosity, and activity during the planktonic stage, and their ratio changes throughout the life cycle of microorganisms. It is believed that the primary and secondary metabolites released by D. flos-aquae into the medium take part in the regulation of their own population growth, including cell destruction at the final stage of blooming, akinetes formation, and the simultaneous suppression in propagation of community partners. With the dominance of one species, the released toxic metabolites increase in years with an anticyclone type of weather, resulting in the reduction of species diversity and the simplification of the biotic community structure.
INTRODUCTION
Scientists pay close attention to plankton stages of cyanobacteria (CB) propagation in water bodies due to the increasing incidence of human poisoning by their toxic metabolites [1] . A lot of CB species that cause toxic bloom of water in the water bodies of the boreal zone belong to the genus Dolichospermum, first of all, D. flos-aquae (Lyngb.) Breb.ex Born.et Flah. CB in natural environments act as centers for the formation of stable plankton communities and are characterized by the presence of complex surface structures (mucous capsules, sheaths, and mucilage colonies). At the same time, CB are able to excrete significant amounts of organic compounds that can support or inhibit the growth and physiological activity of the community members. At certain stages of the life cycle, CB exist as free-living organisms, while they are cooperative forms at other stages in which they are part of a community, which is more typical for CB. Such communities are often formed at the interface boundary and are morphologically shaped into clusters, flakes, granules, and aggregates [2] .
Stability of microbial communities is mainly regulated by intercellular communication through the synthesis of specific metabolites (signals), which allows cells to control their own structure, morphogenesis, abundance, and adaptation as well as the species distribution of community microorganisms [2, 3] . Unicellular and trichome CB can synthesize low-molecular physiologically active substances (cryptophycin, microviridine, erugosin, anabenopeptins, microginins, etc.) [4] that can both inhibit the growth of microorganisms, including the growth of their own population at the end of the blooming stage, and stimulate plankton algae propagation and development of invertebrates and fish.
Among the secondary metabolites produced by CB, alkaloid neurotoxins (anatoxin-a, anatoxin-a(S), homoanatoxin-a), acetycholinesterase inhibitors, and saxitoxin-a selective sodium channel blocker-are the most dangerous for hydrobionts and humans. Cyclic peptides-hepatotoxins (microcystins) are also dangerous: they are phosphatase inhibitors and have carcinogenic properties [5, 6] .
ORIGINAL RESEARCH
The factors responsible for CB seasonal succession in water reservoirs and active synthesis of secondary metabolites by blooming species are still poorly understood. Investigation of the propagation features of potentially dangerous CB in natural ecosystems will help to determine the role of environmental factors that influence the level of blooming and, accordingly, the accumulation of metabolites with different physiological activity in the biomass. Knowledge of the ratio of vegetative cells, heterocysts and akinetes in the population during the blooming period, as well as the morphological characteristics of the cells, will help in developing of approaches to manage the growth of CB populations both in natural habitat conditions and during laboratory experiments.
In this regard, we made an attempt to study the dependence of the life cycle, as well as the morphological and physiological state of D. flos-aquae population, causing water blooming in the boreal zone, from the main abiotic and biotic environmental factors determining the mass propagation of this CB in the plankton community.
MATERIALS AND METHODS
Study Objects Studies were carried out at the Mozhaisk Reservoir (55°02′18″N, 37°45′20″E) and the Canyon Ferry Lake (Montana, United States) (46°30′23″N, 111°36′24″W) in 2010-2014.
Sampling and CB Cells Counting
Plankton was sampled at noon with a 2-L Ruttner bathometer from different horizons and at different locations of the reservoirs during the vegetation season. The first part of the sample was fixed with a 5% Lugol solution with the addition of glacial acetic acid and a 20% formalin solution and was concentrated by inverse filtration. The second part of the sample was successively filtered through membrane filters with pore diameters of 5 and 1.2 μm (Advantec, Denmark) for subsequent measurement of the linear parameters of the cells. CB number in the samples was counted under a microscope (Leika, Germany) in a Nageotte chamber with a volume of 0.05 cm 3 [7] .
Evaluation of Biomass and Chlorophyll A Amount CB biomass was found by a calculation method equating the shape of the cells to the volume of the corresponding geometric figure and considering that 1000 μm 3 is 0.001 mg wet weight. The biomass of the small and colonial forms of CB, due to the complexity of cell counting, was calculated from the content of chlorophyll a in the sample, assuming that its content comprised 2.5% of cells dry weight [7] . To determine chlorophyll concentration, 20 mL samples were filtered through GC-50 membrane filters (Advantec, Denmark), after passing 5 mL of 10% magnesium carbonate solution through them for preventing chlorophyll degradation. After cell destruction in a glass homogenizer, chlorophyll was extracted with 90% aqueous acetone solution at 4°C in the dark. Chlorophyll a concentration in the extract was determined spectrophotometrically in quartz cuvettes (optical path length 1 cm) using a Beckman UV 5240 spectrophotometer (Beckman Instruments Inc., United States). The calculation of chlorophyll a concentration was carried out as it was previously described [7] .
Characteristics of the Aquatic Environment
Water temperature at different depths was measured with an electronic thermometer. Water transparency was determined with the Secchi disk [7] .
Statistical processing of the results was performed using Microsoft Excel and Statistica 5.0 software. Student's t-test was used to evaluate the parametric differences of the obtained data.
RESULTS AND DISCUSSION
At the beginning of the biological summer, when the temperature of water surface layer reaches 16-18°C, immediately after the spring peak of diatom algae propagation and the resulting significant decrease of the main biogenic elements in the euphotic zone, the growth of D. flos-aquae population occurred.
This species is highly adaptable to living in environments with a deficiency of biogenic elements due to its capability of nitrogen fixation and accumulation of both bound nitrogen and polyphosphates as well as the capability of heterotrophic growth [8] . The preference of different cyanobacterial species for certain forms of nitrogen is known. It provides them with a successive predominance in plnkton to a great extent. Thus, D. flos-aquae consumes nitrate nitrogen during its mass propagation, and Aphanizomenon flos-aquae is able to use ammonium nitrogen [9] . At the same time, these species of CB require only 0.01 mg P/L in the form of phosphate, which is almost an order of magnitude less in comparison to the diatoms and other microalgae of the community. The low requirement for this element is explained by significant accumulation of phosphates by CB during their growth in the bottom layers of the reservoir [10] . It is known that the majority of CB reach the highest species abundance with a ratio of N : P > 10 in the environments [11] . Migration in the water due to floating ability allows CB to choose water levels with a higher phosphate content.
D. flos-aquae population during the plankton stage represents a system of heterocyte trichomes, including vegetative cells of different maturity, heterocyst and akinetes. The sizes of vegetative cells and akinetes during the blooming period differed significantly (Table 1) . During this period, CB trichomes in plankton contain vegetative cells of three main stages: young, presented by hemispherical cells, formed after cytokinesis and located in trichomes in pairs; mature, almost spherical cells; and cells in the cytokinesis process with new cell walls formations. The sizes of the mentioned cells in trichomes differed significantly (Table 1) .
At the beginning of mass propagation, spiralshaped trichomes, with the length 500-700 μm, mainly with hemispherical young cells, cells in cytokinesis, and intercalary single heterocyst dominated. As the population developed, shorter spiral-shaped trichomes ranging in length from 50 to 120 μm with terminal and intercalary heterocyst and akinetes began to dominate in the population. Since heterocysts are the terminal type of cell differentiation in CB, the observed shortening of trichomes seems to be related to their fragmentation at the site of dead heterocysts localization. In addition, shortening of trichomes is associated with the formation of small floccules and large flakes of CB due to adhesion and association of trichomes in the intercellular polymer matrix.
The ratio of young and mature vegetative cells, as well as the number of differentiated cells-heterocyst and akinetes-significantly changed in the population of D. flos-aquae during the blooming period. Heterocysts in trichomes are usually spherical, light-colored, with pronounced cell walls and pores and larger in size than the vegetative cells from which they are formed. The number of heterocysts in the first half of the growing season, by the end of June, has increased to 3% on average and then it decreased in the middle of July. In the middle of the growing season, at the end of June, doublet heterocysts were usually observed in trichomes and fragmentation of trichomes usually occurred at their sites.
Colorless or, less commonly, yellowish ovate akinetes with well-seen walls usually appeared in trichomes at the beginning of July and were located in trichomes in singles. In mid-July, by the end of the mass propagation of this CB species, the number of akinetes sharply increased in the population (Table 2) , which may indicate the end of the plankton stage of development of this species and the beginning of its transition to the benthic stage. The main function of akinetes is to survive in unfavorable conditions and preserve the viability of CB during the bottom stage of development. Formation of akinetes is induced by both abiotic and biotic factors. These include the lack of phosphorus and boron compounds, low and high temperatures, and the presence of toxic organic substances of biogenic and abiogenic origin. Akinetes of D. flos-aquae isolated from bottom sediments and placed in water with the addition of nitrogen and phosphorus salts at 18°C germinated in 2-3 days.
It should be mentioned that the structural features of trichomes and the morphological structure of the population during the plankton stage of propagation not only provide a sharp increase in the number of CB in the euphotic zone but also contribute to an increase in resistance to unfavorable environmental factors.
Analysis of the observations of water blooming in the Canyon Ferry Lake reservoir showed that the period of the mass development of CB largely depends on the weather type. The years with an anticyclonic weather type, when warm, dry, and windless weather was established for a long time, was characterized by well-pronounced bloom of water. The patterns of D. flos-aquae population propagation were similar to that previously described for the Mozhaisk reservoir.
A further increase of water temperature in the surface layer of reservoirs to 20-22°C led to the cessation of D. flos-aquae's growth; the formation of flakes and floccules from short trichomes of CB, diatoms, and bacteria was observed. In CB trichomes, an abrupt, chain-like reaction of vegetative cells' destruction occurred. The process of cell decay began with the fragmentation of long filaments of trichomes at the locations of intercalary heterocysts and akinetes. In the resulting fragments of trichomes, mass lysis of vegetative cells, as well as mass propagation of mobile diatoms of the genus Navicula and various bacteria on their residues, were observed. Thus, at the end of July, ovoid and large akinetes with thick walls integrated into the polymer matrix prevailed in the D. flos-aquae population. This also contributes to the survival of CB in unfavorable conditions. It is likely that the trigger of the destruction chain reaction of mature vegetative cells, along with the increase of water temperature in the surface layer above the optimum for D. flos-aquae, are secondary metabolites released during cell destruction that regulate the number of cells in their own population [12] .
Subsequently, the dominant CB species changed in the plankton community of water bodies as a result of the massive propagation of A. flos-aquae, which increased with water warming up to 22-24°C and continued with extremely low concentrations of nitrates in the water. Mass propagation of A. flosaquae in reservoirs was usually observed during the destruction period of the D. flos-aquae population. During this period, the long bundled trichomes of A. flos-aquae (length of approximately 500 μm) were distributed evenly in the water column, occupying almost the entire euphotic zone. Then they go down, and the A. flos-aquae population spread in the thickness of the euphotic zone at a depth from 0.5 to 1.0 m. This migration into the water column to the zones with optimal illumination and temperature conditions was usually very quick, lasting for 1 day, due to changes in buoyancy of trichomes. The propagation of unicellular CB Microcystis aeruginosa began in mid-summer with maximum biomass in August. Seasonal succession in the plankton community was generally typical for the years with anticyclonic and cyclonal weather types (Fig. 1) .
During D. flos-aquae mass propagation, the maximum concentration of chlorophyll a was detected in samples taken from the water surface, which evidences to the distribution of CB in the surface layer of the reservoir. The succession and change of the dominant species resulted in the detection of the highest chlorophyll a content in cells at a depth of 1 m, where the highest density of A. flos-aquae trichomes was observed. It is also specific that the chlorophyll concentration at the depth of the Secchi disk (depth 2.5 m) remained almost constant throughout the entire study (Fig. 2) .
It is known that the regulation of CB flotation is related to their metabolic activity. During photosynthesis, turgor pressure rises in the cells and causes the destruction of gas vacuoles and, therefore, CB go down to the lower layers of the photosynthesis zone. Due to the presence of gas vacuoles and the function- ing of the photosynthetic apparatus, CB can be in the surface layer of the reservoir and, at the same time, avoid the effect of photo inhibition during the period of mass propagation [4] . It must be emphasized that, during the period of mass development of D. flos-aquae and A. flos-aquae populations, mass propagation of the unicellular toxic CB Microcystis aeruginosa was never observed, although its single colonies were found in the plankton community. The massive propagation of M. aeruginosa began only after the end of A. flos-aquae's blooming period and was accompanied by the suppression of CB growth. The observed phenomenon can be explained by the release of metabolites by both CB species that suppress the development of each other.
It is known that, in addition to the normal oxygenic photosynthesis, CB has the capability of anoxygenic photosynthesis using hydrogen sulfide or sulfur as an exogenous electron donor. Since they develop in large quantities in the epilimnion and hypolimnion in microaerophilic conditions, they are able to stay in low light or even dark conditions for a long time, performing anoxygenic photosynthesis or heterotrophic growth and utilizing organic substances that were previously stored in the light conditions [10] .
Among the environmental factors that determine the frequency and intensity of the water bodies' blooming, the content of biogenic elements in the euphotic zone of the reservoir, solar activity, and water temperature are the most important. Against the background of nitrogen and phosphorus concentration decrease, populations of mixotrophic and diazotrophic CB with a high reproduction rate (up to four divisions per day) receive great advantage in growth. The massive development of CB in the euphotic zone is associated with the different requirements of CB planktonic stages in different forms of nitrogen and phosphorus as well as with the ability for nitrogen fixation and the use of phosphorus accumulated in the cells [11] . The anthropogenic increase of the concentration of biogenic elements coming with sewage from coastal areas also contributes to intensive water blooming.
Solar activity and the magnetic field of the Earth are important environmental factors that directly or indirectly affect the dynamics of CB number. Fluctuations in solar activity can cause changes in climatic and hydrological conditions, which largely determine the degree of water blooming. It is known that, at a high level of solar activity, an increase in CB biomass is accompanied by an increase in the biosynthesis of toxic metabolites [10, 13] .
One of the specific features of aquatic ecosystem functioning is the informational exchange between organisms in the community via extracellular metabolites [2] . The exometabolites released by CB into water perform various ecological and physiological functions: they regulate cell division and growth of their own populations and cyto-differentiation and they inhibit and/or stimulate the development of partners in the plankton community. Since the process of synthesis and the subsequent excretion of metabolites (autoinducers) are coordinated in time, the populations of CB and other hydrobionts are adapted to coexistence in the plankton community. A sharp increase in the cells number and growth of the biomass of the dominant species result in a change in community structure, caused by disturbances in coordination balance between populations. The partial elimination of other types of CBs that are sensitive to metabolites (toxins) of the dominant contributes to the simplification of the community structure. An increase in the concentration of secondary metabolites in the medium is often accompanied by inhibition in the growth of the species' own population. As a result, the plankter population, originally a community with a central edificator species, later presents an asynchronous heterogeneous remarkable undergoes several rearrangements during the vegetation period [14] .
Secondary metabolites released during the destruction of CB cells at the end of the blooming phase can be transformed into more toxic compounds than the original forms or either degrade with the participation of various bacteria. In both these cases, they are able to maintain physiological activity for a long time. The first stage of the mass destruction of the vegetative cells of D. flos-aquae in the plankton community was observed in the second half of July, therefore the second half of summer and the beginning of autumn are the most dangerous periods for aquatic organisms and water users [1] .
Plankton CB demonstrates developed ability to ecophysiological adaptations to changing environmental conditions and the ability to cause blooming in almost all aquatic ecosystems of the boreal and tropi- cal zones. In aquatic ecosystems, CB form permanent associations with bacteria and invertebrates. The maximum growth of CB, which cause water blooming, occurs only in associations with various bacteria [4, 15] . A sharp outbreak of abundance is largely caused by the CB's release of primary and secondary metabolites that regulate the growth of their own populations and limit the development of community partners, including some zooplankton species (flagellates and rotifers) consuming CB cells as the main source of food during the blooming period. It should be noted that a sharp increase in the number of the particular CB species disturbs the structural and functional balance of plankton community that, in turn, is based on organic integration of populations including the complementary interactions of species in the community. When the maximum number of CB is reached, regulatory systems, which are similar to the communicative interactions of bacteria in biofilms, are activated. As a result, the community begins to function as a single mechanism, exchanging information between cells via metabolites [16] . The metabolites released by CB regulate physiological processes in populations and also perform inhibitory functions, ensuring optimal growth of individual populations and succession in the biotic community. 
